Polycrystalline samples of (Nd 1-x Ce x ) 0.7 Sr 0.3 MnO 3 (x = 0, 0.10 and 0.20) were prepared by a high-temperature solid-state reaction technique. The X-ray diffraction study has shown that all the samples exhibit a single phase with orthorhombic structure (Space group Pnma). From the resistivity data, it is found that all the samples show metal to semiconductor transition and the transition temperature decreases with the Ce doping. The complex impedance has been investigated in the temperature range 80-320 K and in the frequency range 40 Hz-1 MHz.
Introduction
The investigation of manganites with general formula Ln 1-x A x MnO 3 (Ln=La, Nd, Pr, etc., A=Sr, Ca, Ba, etc.) has attracted extensive attention in the last decades due to its special physical properties and potential application. These manganite materials exhibit remarkable physical properties including colossal magnetoresistance (CMR), charge ordering [1, 2] and metal-insulator transition and also have potential applications for magnetic recording and magnetic sensors [3, 4] . Most of the manganites presenting the CMR effect have a paramagnetic-ferromagnetic (PM-FM) transition at the Curie temperature. Their electrical resistivity shows a semiconductor behavior above T C and a metallic behavior below T C . The understanding of CMR phenomenon, metallic behavior and the strong FM interactions is generally based on the double exchange (DE) model [5] . In this model, there is an exchange of electrons from neighbouring Mn 3+ to Mn 4+ ions through oxygen when their core spins are parallel and hopping is not favoured when they are antiparallel. However, it was suggested that the DE model is not enough to explain the CMR phenomenon. Some authors suggested that other factors such as Jahn Teller effect [6] and phase separation [7, 8] are responsible for the behavior observed in manganite.
Several studies have been performed on the effect of substitution in the A-site by divalent elements (Sr, Ba…) [9, 10] . In fact, doping at the rare-earth site indirectly affects the conduction mechanism with its repercussion on bandwidth and bond angle between adjacent manganese ions [11] . The electrical conduction in these materials has contributions from grains (bulk), grain boundaries, and electrode specimen interface [12, 13] . In order to understand the conduction behavior, it is necessary to separate the various contributions to the total observed resistance. Complex impedance spectroscopy (CIS) is an important and powerful tool to study defects, microstructure, surface chemistry and electrical properties of materials. For a polycrystalline sample, this technique enables us to separate the contributions of bulk, grain boundary and electrode in the impedance very easily [14, 15] .
Generally, Nd 0.7 Sr 0.3 MnO 3 perovskite undergoes a metal-semiconductor transition at the temperature T MS of 229-239 K, [17, 18] . That is usually accompanied by a FM-PM transition at the Curie temperature T C . It was shown by many authors that physical properties of Nd 1-x Sr x MnO 3 can be considerably affected by the substitution of the Ln-site by various other elements such as Eu [19] , La [20] , Pr, Dy [21] , Gd [22] . Recently, by doping Y ions into Nd 0.7 Sr 0.3 MnO 3 , Khiem et al. [23] have found a decrease of T C and a transition from a metallic phase to an insulating phase when the Y content increased. Padmavathi et al. [24] have found that the transition temperature T MI decreases with increasing <r A > as Nd is progressively substituted by Ce in Nd 0.33 Sr 0.33 MnO 3 .
The aim of this work is to study the structural and electrical properties (material impedance, electrical relaxation process, conductance behavior, etc.) of (Nd 1-x Ce x ) 0.7 Sr 0.3 MnO 3 (0 x 0.20) system using complex impedance spectroscopy (CIS) technique. The effects of temperature and frequency have been investigated and a pronounced contribution of the grain boundary in this compound is demonstrated.
Experimental procedures
Polycrystalline samples of (Nd Finally, these pellets were quenched to room temperature. This step was carried out in order to preserve the crystalline structure at the annealing temperature. The structural characterization was done through X-ray diffraction measurements (XRD) using a ''Panalytical X'Pert Pro'' diffractometer with Cu K radiation (K =1.5406 Å). Data for the Rietveld refinement were collected in the range of 2 from 10 to 100° at room temperature with a step size of 0.017° and a counting time of 18 s per step. The structure refinement was carried out by the Rietveld analysis of the powder XRD data with the FULLPROF software [25] . For the electrical measurements, the opposite sides of the sample were coated with conducting silver paint. The transport properties of the polycrystalline sample were examined by ac impedance spectroscopy using an Agilent 4294A over a frequency range from 40 Hz to 1 MHz at various steady temperatures (80-320 K). DC resistivity measurements were performed using the conventional four-probe method. compounds. All samples were found to be single phase without any detectable impurity.
There is no segregation of CeO 2 oxide as observed in many works [24, 26] . The refinement results are listed in Table 1 , which also reports the residuals for the weighted pattern R WP , the pattern R P , the structure factor R F and the goodness of fit .
It is well known that the tolerance factor T G [28] determines the crystal structure of ABO 3
perovskite. Only for T G close to unity is a cubic perovskite structure obtained. For T G 1, a tilt and rotation of the oxygen octahedra are obtained compensating for the misfit of the ionic radiis of the involved A and B cations. This can be seen from the definition of T G :
Where r A , r B and r O are respectively the average ionic radii of the A and B perovskite sites and oxygen anion. Usually, for (0.96 t G 1), the connecting pattern of the oxygen octahedra is rhombohedral, whereas it can be orthorhombic or monoclinic for lower values of T G . The values obtained of T G (see Table 1 ) suggest that our samples have the orthorhombic phase with perovskite structure (0.89 t G 0.96).
We can see in Table 1 that the lattice parameters and unit cell volume increase slightly with increasing Ce content. This slight increase can be directly related to the increase of average ionic radius of A site <r A > which is due to the larger ionic radius of Ce [29] ). The average crystallites size of the materials have been evaluated using peak broadening technique and Scherrer's formula given by <D S > = k / cos , where <D S > is the average particle size, k is the particle shape factor (=0.89), is the wavelength of CuK radiation (=1.5406Å), is the full width at half maximum of the XRD peak and is the Bragg's diffraction angle of the peak. The as obtained <D S > are estimated to be mostly of 57, 5 69 and 76 nm for x = 0, x = 0.10 and x = 0.20 samples, respectively. This result shows that it has no appreciable difference in particle size for all samples.
Electrical conduction
The In the low temperature (T < T MS ) metallic behavior, the electrical conduction is generally understood according to the DE theory. In this model, the Mn
3+
-O-Mn 4+ coupling produces conduction from the half-filled to the empty eg orbital. As known, the decrease of the resistivity when increasing temperature indicates the presence of semiconductor behavior where the conduction is thermally activated.
The resistivity can be also well fitted, at high temperature (T > T MS ), by the SPH model
where T is the absolute temperature, k B is the Boltzmann temperature, A is the preexponential factor and E hopp is the activition energy of conduction. The activation energies (E hopp ) thus obtained is summarized in Table 2 . In many cases, the conduction process is related to the electron delocalization phenomenon that is present in this type of material (electron hopping of the eg electron from Mn 3+ to Mn 4+ via the O 2-orbital), which involves a tendency to form small polarons in the material. indicates that different types of hopping and carrier species are involved in transport.
Additionally, the AC transport is usually described by the Jonscher power law [31-33]:
where G DC is the DC conductance, is the angular frequency, A is a pre-exponential factor dependent on temperature and n is the frequency exponent which depends on frequency and temperature. When the frequency is increased, the mean displacement of the charge carriers is reduced and thus the AC conductance of the sample follows the law G AC = A n . The frequency dependence of conductance suggests the hopping conduction. behavior is confirmed by the electrical resistivity measurements (Fig. 2) . The values of G DC , the constant (A) and the exponent (n) for the three samples (x = 0, x=0.10 and x=0.20) are listed in Table 3 . It can be seen in this table that G DC and n decrease while the A increases 
(4)
Where B is the pre-exponential factor, E hopp is the activation energy of conduction, T is the absolute temperature and K B is the Boltzmann constant. The activation energies E hopp , as calculated from the slopes (Fig. 5) , are listed in Table 2 . It is worth noticing that the energy (E hopp ) estimated by both methods yields the same order of magnitude.
Complex impedance analysis
Impedance spectroscopy is an experimental technique for the characterization of electrical properties of electronic materials. It enables us to separate the real and imaginary components of the electrical parameters and hence provides a true picture of the materials properties.
In general, the complex impedance
under sinusoidal regime can be expressed as: indicates that the electrical processes in the material arise basically due to the contribution from bulk material [36] [37] [38] . The diameter of these semicircles changes with temperature. The center of semicircle making an angle with ' Z -axis (The angle is between the Z' axis and the line which related the centre of circle with intersection of the semicircular arcs on the real axis) and is temperature-dependent reveals the non-Debye type relaxation process in the material [39, 40] . These spectra were fitted using Zview software and the best fit is obtained when employing an equivalent circuit formed by a serial association of a grain resistance R g (bulk resistance) with a resistance R gb (grain-boundary resistance) associated in parallel with constant phase element impedance (Z CPE ).
The CPE impedance (Z CPE ) is given by the following relation:
Where A 0 indicates the value of capacitance of the CPE element (expressed in Farad units), and is the factor exponent (0 < < 1).The factor represents the capacitive nature of the element [41] : if =1, the element is an ideal capacitor and if =0, it behaves as a frequency independent ohmic resistor. A 0 and can be temperature dependent.
The values of the bulk (R g ) and the grain boundary (R gb ) resistances can be obtained from the intercept of the semicircle and real part of impedance ( ' Z ) axis. Accordingly, the intercept of the ' Z axis in the right (corresponding to the low frequency) is the sum of R g and R gb , while the intercept with the ' Z axis in the left (corresponding to the high frequency) stands for R g . 
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We can reveal from Fig.6 using Eq. 6 the real and imaginary components of the impedance related to the equivalent circuit:
The parameters (R g , R gb , A 0 and ) were obtained for each temperature after fitting the data by Eqs. (7) and (8). Fig. 7 shows the variation of the resistance of grains and grain boundaries ) with frequency at different temperatures for x=0.20. The impedance value is typically higher in the low-frequency region, and then it decreases gradually with increasing frequency. The decrease in ' Z with the increasing frequency may be attributed to the presence of space charge polarization in the material. In fact, this phenomenon has been further verified by observing the coalesced behavior of real part of high frequency impedance for all measured temperatures. Similar behavior at lower frequencies was also observed by Sen et al. [44] . We can notice that ' Z increases with increasing temperature below T MS (inset of Fig. 8 ). However, above T MS , it decreases with the increasing of temperature. ) with frequency for some representative temperatures. The spectra are characterized by the appearance of peaks, such behavior indicates the presence of relaxation process in the system. Similar behavior has been reported for other manganites and different perovskite systems [45] [46] [47] and it has been attributed to localized hopping of polarons between lattice sites with a characteristic timescale [48] . From these peaks we deduce the value of relaxation frequency (fr) above T MS , and then we calculate the relaxation time using the relation of = 1/ (2 fr). It is observed that the value of relaxation time is found to be decreasing with the increase of temperature which represents semiconducting behavior of the sample. This semiconducting nature of the grains in ceramics is believed to be due to the loss of oxygen during high temperature sintering process [49, 50] . As a result, the activation energy can be obtained by using the Arrhenius
, 0 is the pre-exponential factor, relax is the activation energy and B is the Boltzmann constant. The plot of the relaxation time ( ), as a function of inverse temperature (1000/T), is given in Fig. 10 . The activation energy (E relax ) of the relaxation process and relaxation times at infinite temperature ( 0 ) were determined from the slope and intercept, respectively, of the linear least square fits shown as solid lines in Fig. 10 and the values are listed in Table 2 . It is observed, from this table, that the activation energy for conduction is greater than relaxation energy .The activation energy for conduction (Ea) is the sum of both the creation of charge carriers and hopping free energy of charge carriers over long distances while the activation energy for relaxation is equal to the migration free energy of charge carriers and their hopping between the adjacent lattice sites. The difference between the conduction and relaxation activation energies may be attributed to the creation of free energy, which shows that the carrier concentration is temperature dependent [51, 52] .
Conclusion
In summary, we have investigated in this work, the structure and electrical transport properties of (Nd 1-x 
